Using a non-local theory of convection, we calculated the structure of the solar convection zone, paying special attention to the detailed structure of the lower overshooting zone. Our results show that an extended transition zone exists near the bottom of the convection zone, where the temperature gradient turns smoothly from adiabatic in the convection zone to radiative in solar interior. A super-radiative temperature region is found in the overshooting zone under the solar convection zone, where L c , 0, L t , 0, L r . L and 7 . 7 rad . The extension of the super-radiative region (defined by L r / L ( $ 1:01Þ l is about 0.63 H P (0.053 R ( ). A careful comparison of the distribution of adiabatic sound speed and density with the local one is carried out. It is found, strikingly, that the distribution of adiabatic sound speed and density of our model is roughly consistent with the results of reversion from solar oscillation observations.
I N T R O D U C T I O N
It is well known that convective overshooting has a great impact on the structure and evolution of stars. There is still no satisfactory theory of convective overshooting. Although great advancements have been achieved in this field (Xiong 1979 (Xiong , 1981 Canuto 1993 Canuto , 1997a Grossman, Narayan & Arnett 1993; Grossman 1996; Grossman & Taam 1996) , the phenomenological non-local mixinglength theory is still the most usual means for the treatment of convective overshooting in the calculations of stellar evolution (Maeder 1975; Bressan, Bertelli & Chiosi 1981) . In fact, the extension of the overshooting zone cannot be determined on a sound base, and it is always treated parametrically in practice. Helioseismology provides an effective means for probing the structure of the solar convection zone. It imposes a strict constraint on the existing theory of stellar convection. Following the phenomenological non-local mixing-length theory of convection, the temperature gradient turns from nearly adiabatic to nearly radiative at the bottom of the overshooting zone below the solar convection zone. This produces a near discontinuity in the derivatives of the sound speed there. As a consequence of such a transition, the solar p-mode frequency will have an oscillatory component, the frequency and amplitude of which can be used as a probe for the depth and the extension of the lower overshooting zone of the Sun (Gough 1990 ). Yet Gough & Sekii (1993) did not find any convincing evidence for the existence of an overshoot zone by analysing observational data of solar oscillations. Other researchers have drawn the conclusion that, if the overshooting zone does exist, its extension must be very small (Roxburgh & Vorontsov 1994; Meoteiro, Christensen-Dalsgaard & Thompson 1994; Basu & Antia 1994; Basu 1997) . The upper limit incessantly decreases, as found in literature, and its the present value is about 0.05H P (Basu 1997) . However, such a picture is contradictory to the observational evidence for stellar evolution and the lithium abundance in the solar atmosphere.
Convective overshooting is a non-local phenomenon, which cannot be described correctly by the current phenomenological non-local mixing-length theory of convection. The phenomenological theory is not based on hydrodynamics, but is a simple ballistic description. Such an over-simplified picture leads people to many misunderstandings about overshooting (Xiong 1985; Canuto 1997b; Petrovay & Marik 1995) . In the present work, a non-local convection model for a solar envelope is presented by using a non-local dynamic theory of auto-and cross-correlations of turbulent velocity and temperature. A detailed analysis of the structure of the solar convective overshooting zone is carried out. The fundamental working equations and the numerical techniques are given in Section 2. In Section 3, a brief discussion about the overall properties of solar convective and overshooting zones is presented. Detailed studies of the structure of the overshooting zone below the solar convection zone are described in section 4, and a comparison with the local convection model is carried out. A summary and the conclusions of the present work are given in the last section.
T H E W O R K I N G E Q UAT I O N S
The basic equations of the present work are derived from the radiation -hydrodynamic equations introduced earlier by Xiong (1989a) . It is assumed that the hydrostatic equilibrium and the radiative equilibrium both hold for the construction of the equilibrium model of stars. By using M r as the independent variable, the equations of stellar structure can be simplified as: 
where x 2 , Z and V are, respectively, the auto-and cross-correlations of the fluctuations in turbulent velocity w 0 i and the relative fluctuations in temperature T 0 / T. They can be written as the following,
a ¼ 2ð› ln r/ › ln TÞ P , C P and k are, respectively, the thermal expansion coefficient of gas and the specific heat at constant pressure and opacity. c is the speed of light, G is the gravitational constant, a is the radiation constant. x/ x c ¼ c 1 rC P xr 3 P/ 3acGM r T 3 is the effective Peclet number of turbulent convection. c 1 and c 2 are the two convective parameters relevant to the dissipation and diffusion of turbulence in our theory. L r is the radiative luminosity. The radiative diffusion approximation (equation 3) has been applied in our work. L c and L t are the luminosities corresponding to convective thermal and kinetic energy fluxes, respectively. They are defined as
All the other symbols have their usual meanings. Equations (1)-(3) are the conservation equations of mass, momentum and energy, respectively. Equation (4) is the radiative transfer equation. The time-dependent terms have been neglected, so the quick variations on dynamic time-scale and slow variations on evolutionary timescale are not considered. These are the conventional equations of stellar structure. The only differences are that the turbulent pressure rx 2 and the turbulent kinetic energy flux L t are now included into the conservation equations of momentum and energy. In the framework of local theory, it is impossible to consider the turbulent pressure term, because that will lead to a numerical instability in computation of the model (Xiong 1979; Henyey et al. 1965) . Equations (5)- (7) are the dynamic equations for the correlations of turbulent convection. The second terms in equations (5)-(7) represent the diffusions of non-local convection. When these terms are ignored, equations (5)- (7) return to the equations of usual local theory of convection. The only time-dependent terms present in our equations are the first terms in equations (5) - (7), which can be used to study the dynamic evolution of turbulent convection. The main goal of the present work is to study the equilibrium structure of a solar convection zone. In principle, these time-dependent terms can be also neglected. The reason for keeping the first terms in equations (5)- (7) is to enable the iteration of non-local convection calculations to become more stable and to converge more quickly. The actual computation procedure is as follows. The convective envelope model of the Sun is built according to the normal local convection theory. Following the asymptotic analysis of convective overshooting, x, Z and V all decrease exponentially in the overshooting zone (Xiong 1989b; Unno, Kondo & Xiong 1985) . Therefore, we have (Hinze 1975 ) is adopted. The negative sign on the right hand side of equation (13) comes from the fact that the cross-correlation of velocity and temperature, V, changes sign in the overshooting zone. In the upper overshooting zone, b ¼ b 1 , while in the lower one, b ¼ b 2 . The values of convective variables x, Z and V on the meshes in the convectively stable zone can be found from extrapolations according to equations (11)- (14). Then this quasi-local convection model can be used as the initial condition for later calculations. For the upper boundary, the boundary conditions are given as the following:
For the lower boundary, we have
where b 2 and b 1 are determined by equation (13). R 0 , T 0 and P 0 are, respectively, the radius, temperature and the sum of gas pressure and radiative pressure ðP ¼ P g 1 P r Þ at the surface. For the present work, the surface is located at t 0 ¼ 10 22 , so the bottom is deep enough, and its T < 10 7 K and r < 0:20 R ( . The total number of mesh points used in the calculations is N ¼ 400. A simplified magnetohydrodynic (MHD) equation of state is used. An analytic approach to the OPAL tabulated opacities (Rogers & Iglesias 1992) and the low temperature tabulated opacities (Alexander & Ferguson 1994) are used.
The practice of numerical calculations shows that the retainment of the first terms in equations (5)- (7) greatly improves the stability and speed of convergence of numerical calculations. Fig. 1 shows the evolutionary behaviour of the distribution of turbulent velocity with time. As can be seen in the plot, after a long enough time, the turbulent velocity eventually approaches the final stable solution.
The corresponding time-scale for reaching the equilibrium state agrees with the asymptotic analysis and the results of the numerical simulation for non-local convection based on a simplified model (Xiong 1989b) .
The main goal of this work is to study the structure of the lower overshooting zone under the solar convection zone, and this will be carefully analysed in the next section. To make our theoretical results clear, and to differentiate them from the other similar works, it is necessary to specify briefly the main properties of the solar convective and overshooting zones in the framework of our nonlocal convection theory.
In Fig. 1 , the dot-dashed line with t ¼ 0 is the distribution of turbulent velocity as a function of the depth for the local convection model of the solar convection zone. It must be pointed out here that the turbulent velocity and temperature should be zero outside the unstable zone in the scope of local theory. In the plot, the curve in the locally stable zone of convection above and below the locally unstable zone are extrapolated according to the asymptotic analytic approach (i.e. equation 11). As shown in Fig. 1 , the turbulent velocity fields given by local and non-local convection theories are very similar within the convectively unstable region. The only sizable difference arises near the boundaries and in the overshooting zones. Compared with the local convection model, with the same convection parameter c 1 , the most striking difference is that the non-local convection model possesses a slightly shallower convection zone than the local one does, i.e. the convection zone contracts towards the unstable zone (also see Fig. 2 ). This is certainly caused by the non-local effects of convection. In the upper super-adiabatic convection region, the non-local convection model has a smaller convection flux and higher temperature gradient compared with the local convection 
model (Figs 3a and b)
. The depth of the convection zone is severely affected by the structure of the super-adiabatic convection zone. The higher the temperature gradient in the super-adiabatic region, the shallower the convection zone, and vice versa. Fig. 4 shows the variations of the auto-and cross-correlations of turbulent velocity and temperature, x 2 , Z, V, the correlation coefficient of velocity-temperature fluctuations R VT ¼ V/ ðxZ 1=2 Þ and the ratio of the turbulent pressure P t ¼ rx 2 to the gas radiative pressure P, P t / P as functions of the depth. From Fig. 4 it is clear that in the upper and lower overshooting zones, the correlations x, Z and V indeed vary in a similar manner as the asymptotic approach (equations 11 -13). They decrease exponentially outwards: The exponential indices in the lower overshooting zone are very close to the asymptotic values given by equation (14); while in the upper overshooting zone, the auto-correlations of the relative temperature fluctuations (Z) decrease more quickly. There is another distinct difference between the upper and lower overshooting zones, and this can be seen from the behavior of R VT : towards the lower boundary of the convection zone, R VT decreases very quickly, and then it approaches zero. However, passing through the upper boundary of convection zone, R VT jumps from 11 to 21. This difference is caused by the striking difference of the efficiency of convective energy transfer, which is expressed by the effective Peclet number P e ¼ x/ x c of turbulence, in these two regions. In the lower overshooting zone, convective energy transfer is very efficient ðP e @ 1Þ; while in the upper zone convective energy transfer is very inefficient ðP e ! 1Þ. Therefore, it is not feasible to infer the structure of the lower overshooting zone by using the observations or numerical simulations of turbulent velocity and temperature field of the solar surface granules.
Up to now, we have not given clear definitions for convective and overshooting zones. In the scope of the local convection theory, convection zone has its well-defined boundaries, which are given by the Schwarzschild criterion of the so-called local convective neutrality: 7 rad ¼ 7 ad . The local convective instability is therefore defined by
where 7 rad and 7 ad are, respectively, the radiative and adiabatic temperature gradients. Equation (24) defines the local unstable zone of convection, and the opposite defines local stable zone. Hence a clear definition of the boundary is given by 7 rad ¼ 7 ad . For the local convection theory, the relations 7 ad , 7 , 7 rad , L c /L . 0 and L r /L , 1 all hold in the convectively unstable zone; while in the convectively stable zone, we have 7 ¼ 7 rad , 7 ad and L c /L ¼ 0. Therefore, in the regime of the local convection theory, at least, the other three equivalent definitions for the convection zone can be given: . log x, log Z, log jVj, 10ðR VT 2 1Þ and log P t / P versus log P for a non-local convection model of the solar convection envelope, where x 2 , Z and V are respectively the auto-and cross-correlations of turbulent velocity and temperature. R VT ¼ V/ ðxZ 1=2 Þ is the correlation coefficient between turbulent velocities and temperature. P t ¼ rx 2 is the turbulent pressure. and 7 . 7 ad :
Corresponding to equations (24) - (27), we can use L r / L ¼ 1, L c / L ¼ 0, and 7 ¼ 7 ad to determine the boundary of convection zone. In the local convection theory, the above four definitions (equations 24 -27) have no difference. However, convection is, undoubtedly, a non-local phenomenon. The turbulent convection fields are, in entirety, interacting with each other. The properties of turbulence at a point of the turbulent fields depend not only on the local structure of temperature and pressure, but also on the kinetic state in other parts of turbulent fields. 7 rad . 7 ad is merely a criterion based on the local description of convection. It means that when a convective eddy moves away adiabatically from its equilibrium position, the buoyant force resulting from such a displacement will be in the direction of the displacement. Therefore, the motion will be enhanced. This gives rise to the local convective instability. However, because of the non-local nature of convection, the temperature of the eddy arriving at a certain point does not depend solely on the local properties at this point, but also on the integration of gaining (or losing) along the path from the origin to this point. Therefore, 7 rad , 7 ad does not mean that L c /L # 0. Besides, considering the coexistence of turbulent kinetic energy flux (see Figs 4 and 9 
As a result of these arguments, the definitions of the convection zone using equations (24) -(27) will be different in the framework of non-local theory. Table 1 gives the depths ðr b / R ( Þ of the solar convection zone following the definitions given by equations (24)-(27). This solar convection envelope model (computed with c 1 ¼ c 2 ¼ 0:6850Þ is set up by the non-local convection theory and meets roughly the requirement of helioseismology.
As clearly shown in Table 1 , the depths of the convection zone are close to one another when any one of the criteria (24), (25) and (26) is used. However, the convection zone defined by 7 . 7 ad (using equation 27) is much shallower than the previous ones. This means that much before L c # 0, 7 rad , 7 ad and L r /L , 1, and the convection zone already possesses a sub-adiabatic stratification ð7 2 7 ad , 0Þ. This is easy to understand from a simple picture of convective motion. A convective eddy is assumed to move downwards near the boundary of the convectively unstable zone as given by equation (27), whose convective velocity u 0 and relative temperature fluctuation T 0 / T are both negative before the eddy reaches the boundary. When the eddy penetrates through the boundary downwards, obviously it will keep its original signs of u 0 and T 0 / T and will move more and more quickly downwards. Therefore L c ¼ 4pr 2 rc P u 0 T 0 is still positive. However, because 7 2 7 ad , 0, the eddy is heated, so T 0 / T grows but jT 0 / Tj decreases as it moves further. L c will decrease. When the eddy arrives at the place where L c ¼ 0, the temperature of the eddy becomes the same as the average fluid field, and T 0 / T and L c are both zero. However, because of its inertia the eddy will keep moving downwards, so T 0 /T becomes positive and increases as the eddy moves on. The eddy will break gradually, stop and then return. Following such a simple picture for the convective eddy, it is easy to understand why the convection zone already has a subadiabatic stratification ð7 2 7 ad , 0Þ before the convective energy flux becomes negative ðL c # 0Þ.
As the primary factor affecting the structure of stars is the convective energy flux. The definition of equation (27) will enable the non-local convection model to be strikingly different from the local one with nearly the same depth of convection zone. Therefore, equation (27) is not a proper definition for the convection zone. On the contrary, when the definitions of equations (24)- (26) are used, the structure of the non-local convection model will be very close to the local one with nearly the same depth of convection zone. Therefore any one of the three criteria can be used effectively to define the convection zone. Fig. 5 depicts the behaviours of the fractional radiative flux, convective energy flux, turbulent kinetic energy flux and super-adiabatic temperature gradient against fractional radius for the non-local and local convection models, which have nearly equal depths of convection zone and obey roughly the requirement of helioseismology. The local convection model of the solar convection envelope is computed with c 1 ¼ 0:5828, its lower boundary is at r b ¼ 0:7135 R ( ; which is very close to the non-local one with c 1 ¼ c 2 ¼ 0:685 as shown in Table 1 . Fig. 6 shows the relative differences in the squared sound speed and density between the non-local and local models. In Figs. 5 and 6, it is clearly shown that there are very small differences between them. The relative differences of adiabatic sound speed (or temperature) and density between these two models is generally within 1 per cent. If we were looking at a far away star, there would be no chance to find such a trivial difference. However, the present observations of solar oscillations reach so high a precision that any tiny differences as small as 0.1 per cent can be easily detected. Following the above discussions, it is clear that any one of the criteria equations (24), (25) and (26) can be used to define the convection zone in the non-local convection theory. We cannot distinguish, in the theoretical point of view, which among them is advantageous. Equation (24) is merely the local convection instability criterion. In the numerical calculations of non-local convection relaxation, 7 rad cannot be found in a straightforward manner. It can be derived with the relation L r /L ¼ 7=7 rad . However, L r and L c are directly calculated quantities in the numerical procedure. Therefore, equations (25) and (26) are more convenient in practice. The criterion equation (26) is especially recommended, because one can most easily define the boundary by only looking at the point where L c (or the velocity -temperature correlation V) changes sign. Throughout this and our previous works, the criterion equation (26) is adopted for the definitions of the convection zone, the overshooting zone and the boundary between them. As shown in Fig. 4 , the two jumping-points on the curve of velocity-temperature correlation V (long-and shortdashed line) indicate the boundaries of convection zone defined by equation (26), where V changes sign.
T H E S T R U C T U R E O F T H E L OW E R OV E R S H O O T I N G Z O N E
From Fig. 5 , one can see that passing through the boundary of convection zone, the convective energy flux L c changes sign. Therefore, a super-radiative temperature gradient will appear in the lower overshooting zone, where L c , 0. The maximum value of the super-radiative temperature gradient can reach max7=7 rad } ¼ max{L r /L} < 1:11 for the solar model. The width of the super-radiative zone (defined by L r /L . 1:01Þ is Dr < 0:63H P < 0:05 R ( (see Fig. 5 ). The e-folding length of the superradiative temperature gradient is about 0.12H P . However, the turbulent velocity and temperature fluctuations are much more extended, whose e-folding length are, respectively, 0.90H P and 0.80H P (see Fig. 4 ). It is emphasized again that the overshooting distances are different for different physical quantities (Xiong 1985) . Towards the bottom of the convection zone, the correlation coefficient of turbulent velocity -temperature decreases very quickly, and this leads to an even faster decrease of the convective energy flux in comparison with the relative fluctuations of turbulent velocity and temperature. In the upper overshooting zone the super-radiative temperature gradient is very small, because convective energy transfer is very inefficient, so the fractional convection flux is much less than 1.
In the past few years, the probe of the overshooting zone below the solar convection zone by means of helioseismology was a very interesting topic. All the theoretical works were based on a simple non-local phenomenological model of overshooting as illustrated in Fig. 7 (Shaviv & Salpeter 1973; Maeder 1975; Bressan et al. 1981; Zahn 1991; Monterio, Christensen-Dalsgaard & Thompson 2000) . Just adjacent to the convectively unstable zone, where the temperature gradient 7 is close to and slightly higher than the adiabatic value ð7 2 7 ad $ 0Þ, there is an overshooting zone where the temperature gradient is near and slightly less than the adiabatic one ð7 2 7 ad # 0Þ. Passing through a very thin transition layer, the nearly adiabatic temperature gradient jumps to the radiative one, and in the mean time the convective velocity becomes zero. Therefore, a near discontinuity in the derivatives of the sound speed is built up at the base of the overshooting zone. Such a discontinuity will reflect incident acoustic waves and induce an oscillatory component in the frequencies of solar p modes as a function of the radial order n (Gough 1990 ). The amplitude of the oscillatory component depends on the degree of the discontinuity, which in turn depends on the overshooting distance. According to this principle, Gough & Sekii (1993) analysed observational data of solar oscillations, and they concluded that there is no convincing evidence for overshooting. Other authors supposed that the overshooting zone must be extremely narrow. As found in literature, the upper limit is in the range 0:25-0:05H P (Roxburgh & Vorontsov 1994; Monteiro, Christensen-Dalsgaard & Thompson 1994; Christensen-Dalsgaard et al. 1995; Basu & Antia 1994; Basu 1996) . It should be pointed out that all the quoted works are based on this simple non-local phenomenological model and on an assumption that the overshooting layer is in nearly adiabatical stratification. This is, of course, questionable from a point of view of the complete non-local convection theory. In Fig. 8 , the variations of 7 rad , 7 and 7 2 7 ad as functions of radius near the bottom of the convection zone in our non-local model are given. From Table 1 and Fig. 8 one can see that the temperature gradient has already become sub-adiabatic in the lower part of the convection zone, where L c . 0. In the overshooting zone, however, the temperature gradient is still subadiabatic, but it is super-radiative! Namely, 7 rad , 7 , 7 ad . Going further, 7 gradually approaches the radiative value. This is totally different from the picture of phenomenological theory, in which the temperature gradient jumps from nearly adiabatic to radiative as shown in Fig. 7 . This misunderstanding of the structure of the overshooting zone leaded by the phenomenological theory was pointed out long ago by Xiong (1985) and Petrovay & Marik (1995) . In the phenomenological non-local theory of convection, an implicit assumption, i.e. that the turbulent velocity and temperature are completely correlative, is normally included. However, this is not true. The results of our complete non-local theory of correlation functions show that the correlation coefficients of turbulent velocity and temperature decrease very quickly towards the lower boundary of the convection zone, and on passing through the boundary of the convection zone the correlation coefficient changes its sign (Xiong 1985 (Xiong , 1989b . Kupka (1999) got similar results by using his non-local convection model. More complete 2D or 3D numerical simulations of compressible convection (Sofia & Chan 1984; Hurlburt Moomre, & Massaguer 1986; Muthsam & Zöchling 1993) also show that in the lower overshooting zone, the convective energy flux becomes negative.
From Fig. 8 and the above analysis, it is clear that the structure of the lower overshooting zone of the solar convection zone is not at all as described by the phenomenological non-local theory of convection, which predicts that a near discontinuity of temperature gradient (and therefore the derivative of sound speed) exists at the bottom of the overshooting zone. On the contrary, the temperature gradient turns smoothly from a nearly adiabatic stratification into a radiative one. Fig. 9 shows the first (solid line) and second (dashed line) derivatives of sound speed versus acoustic depth t in the solar convection zone model given by our non-local theory. The dotted and dash-dotted lines in the figure illustrate the corresponding variations of a similar local convection model with nearly the same depth of convection zone as appears in Figs 5 and 6. As shown in Fig. 9 , both models yield similar results, except in a very narrow region near the bottom boundary of the convection zone. For the local convection model, the second derivative of sound speed has a near discontinuity at the bottom of convection zone. This is, of course, a direct result of the local theory, which makes the temperature gradient jump from nearly adiabatic to radiative here.
The helioseismic inversions show that, in most regions of the solar envelope, the relative squared sound speed differences between the Sun and a SSM-model S of Christensen-Dalsgaard et al. (1996) are extremely small. However, the differences are still significant. The most noticeable differences arise just under the base of the convection zone. Fig. 6 presents the relative squared sound speed (solid line) and density (dotted line) differences between the non-local and local models of the solar convection envelope. The differences shown in Fig. 6 are very similar to the results of the relative squared sound speed and density differences between the Sun and Model S (SSM) of Christensen-Dalsgaard et al. (1996) shown in figs 1(a) and (b) of Basu's paper (Basu 1997) . Therefore, it can be expected that if our non-local convection model is used to replace the SSM of Christensen-Dalsgaard et al. as the reference model of inversion, then the relative squared sound speed and density differences mentioned above would be removed, or at least they would reduce to a great extent. As was just stated at the beginning of this section, the convective energy flux is negative and the temperature gradient is super-radiative in the lower overshooting zone in our non-local convection theory. Therefore, the temperature and sound speed are higher there. For the same reason, the density in the convection zone is also higher. Hence, this is a natural result for our non-local theory of convection. It is not necessary to assume a sudden increase of the opacity at the bottom of convection zone (Baturin & Ajukov 1996) , or to introduce an unknown mixing below the convection zone (Gough et al. 1996) . The differences between helioseismic observations and the theoretical model in terms of internal sound speed and density distributions can be explained naturally by using our theory. This seems to be a strong support to our convection theory.
S U M M A R Y A N D C O N C L U S I O N S
By using a dynamic theory of the correlations of turbulent convection, we have studied the structure of the overshooting zone of the Sun in detail. The main results can be summarized as follows.
(i) The most important result of this work is the structure of the lower overshooting zone, which is not at all similar to that described by the nowadays widely adopted non-local phenomenological mixing-length theory of convection, which gives a nearly adiabatic stratification. Following our non-local theory of convection, the overshooting zone has a sub-adiabatic and super-radiative stratification ð7 rad , 7 , 7 ad Þ. There is not any near-discontinuity in the derivatives of sound speed at the bottom of the lower overshooting zone. The temperature gradient, however, turns smoothly from the nearly adiabatic to the radiative gradient around the bottom of convection zone. Therefore, the conclusions about the extension of the overshooting zone, deduced from measurements of the discontinuity in the derivatives of sound speed using helioseismic observations (Gough & Sekii 1993; Roxburgh & Vorontsov 1994; Monteiro et al. 1994; Christensen-Dalsgaard et al 1995; Basu & Antia 1994; Basu 1996) deserves to be reviewed further. The statement that no significant discontinuity in the derivatives of sound speed has been found at the base of the solar convection zone neither means that there is no overshooting (Gough 1993) nor that the overshooting zone is extremely narrow (Basu 1996) . Our results can naturally reconcile the conflict between the tiny overshooting zone from helioseismic observations mentioned above and the mild overshooting distance needed by the solar lithium abundance and overall properties of stellar evolution.
(ii) Another important result of this work is that a super-radiative temperature gradient zone exists in the lower overshooting zone. Therefore, the temperature in the overshooting zone below the convection zone is higher in comparison with that given by the usual local or non-local mixing length theory, while the density in the convection envelope is higher. This is just in accordance with the results of helioseismic inversions. The relative sound speed and density differences between the non-local and local models of the Sun illustrated in Fig. 6 are very similar to the differences between the Sun and the SSM of Christensen-Dalsgaard et al. (1996) deduced by inversion technique (Basu 1996) . These differences cannot be attributed to the opacity (Baturin & Ajukov 1996) or mixing below the convection zone (Gough et al 1996) . Thus, on the contrary, they can be a evidence for the non-local convection and this is the natural result.
(iii) The reason leading to such a large difference of the lower overshooting zone between the non-local phenomenological mixing length model and the present work is that a full correlation between turbulent velocity and temperature was implicitly assumed in the previous case. In fact, the correlation coefficient of turbulent velocity and temperature decreases very quickly towards the lower boundary of the convection zone. This is different from the case of the surface overshooting zone, where the correlation coefficient suddenly changes from 11 to 21. The difference between the two overshooting zones is caused by the fact that convective energy transfer is very efficient in the lower overshooting zone ðP e @ 1Þ, while it is just the opposite in the surface overshooting zone.
(iv) For a long time, the overshooting distance has been a puzzle. Actually, the extensions of overshooting are different for different physical quantities. The overshootings for turbulent velocity and temperature are very extended. The e-folding lengths are H P / b and H P / ð2b 2 7Þ, respectively, where b < 1:4 ffiffiffiffiffiffiffiffi ffi c 1 c 2 p . However, the super-radiative temperature gradient zone below the convection zone of the Sun extends to about 0.65 or 0.053 H P .
(v) The results of the temporal evolution of turbulent convection show that the time-scale for the turbulent field to reach the final static state from any original perturbed state is several times the dynamic (or turnover) time-scales in the convection zone, i.e. tens of minutes or an hour; in the overshooting zone, however, it is the turbulent diffusion time-scale (Xiong 1989b) , which is proportional to the penetration distance. In the solar atmosphere, the time-scale range is tens of days up to several years; in the lower overshooting zone it is several years up to a century. In any case, this time-scale is much shorter than the evolutionary time-scale of the Sun. As a result, the quasi-static approximation for convection can be used in most of problems of stellar structure and evolution.
(vi) The structure of the non-local envelope model is very close to the local one, with nearly the same depth of convection zone. Therefore, when the non-local overshooting is not concerned the local mixing length theory is still a pretty good approach, in a sense that an accuracy of per cent can be ensured.
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